. Portal pressure responses and angiotensin peptide production in rat liver are determined by relative activity of ACE and ACE2.
TRADITIONALLY, THE RENIN ANGIOTENSIN system (RAS) has been viewed as a simple enzymatic pathway that plays a central role in cardiovascular homeostasis via the formation of the potent vasoconstrictor angiotensin II (Ang II). The discovery of angiotensin 1-7 [Ang-(1-7)], a peptide with opposing actions to Ang II, made it clear that the system is more complex than previously thought (10, 36) . Early studies by Ferrario and colleagues (6, 28) demonstrated that Ang-(1-7) increased vasopressin release. Since then, a large body of evidence indicates that this peptide also has important direct vasodilatory and antifibrotic effects which counteract the effects of Ang II in a number of tissues including the heart and kidney (20, 29, 33) .
Early studies showed that Ang-(1-7) can be generated from Ang I by the actions of endopeptidases such as prolyl oligopeptidase (27) and thimet oligopeptidase (7) in tissue, and in the circulation by neutral endopeptidase (NEP) (38) . Although the various endopeptidases have been shown to produce Ang-(1-7) depending on their tissue localization and access to substrates, emerging evidence suggests that angiotensin converting enzyme (ACE) 2, a homologue of ACE, but with distinct enzyme activity (37) , plays a key role in Ang-(1-7) production in several tissues. ACE2 is able to generate Ang-(1-7) from Ang I indirectly through biologically inactive intermediary peptide Ang-(1-9); however, in comparison, ACE2 has an ϳ400-fold higher substrate preference for Ang II (35) , which suggests that ACE2 is important not only for production of Ang-(1-7) but also in degrading Ang II (Fig. 1) .
Several in vivo and in vitro studies have shown Ang-(1-7) has vasodilatory effects in a number of vascular beds and is antifibrotic in the heart and kidney (4, 14, 21) . However, the predominant biochemical pathways responsible for the generation of Ang-(1-7) and modulating local generation of Ang II and Ang-(1-7) vary in different tissues (11, 19, 32, 34) . All of the key components of the RAS including ACE and ACE2 are present in the normal liver and are upregulated in response to chronic liver injury with growing evidence that the intrahepatic RAS plays important roles in both the pathophysiology of portal hypertension and liver fibrosis. We have also shown that the circulating Ang-(1-7) is elevated in rats with experimental liver fibrosis (12) . However, the major pathways responsible for the generation of Ang-(1-7) in healthy and diseased rat liver have not been determined.
We have therefore used the in situ perfused rat liver preparation to elucidate the major pathway(s) that might be responsible for Ang-(1-7) production in both healthy and fibrotic rat liver. These studies also enabled us to examine the effects of inhibition of enzymes involved in the formation of angiotensin peptides on intrahepatic resistance.
MATERIALS AND METHODS
Chemicals and drugs. Aprotinin, N-ethylmaleimide, and protease inhibitor cocktail were purchased from Sigma-Aldrich, Sydney, Australia. MLN4760 was provided by Millennium Pharmaceuticals, Cambridge, MA. Omapatrilat was provided by Bristol-Myers Squibb, Princeton, NJ. Angiotensin peptides were purchased from Auspep, Parkville, Victoria, Australia.
Animal model of hepatic fibrosis. Experimental procedures were approved by the Animal Ethics Committee of Austin Health and performed according to the National Health and Medical Research Council of Australia Guidelines for animal experimentation and the principles of the Helsinki declaration. Eight-week-old male SpragueDawley rats (300 -350 g) were housed in a controlled environment (12-h light-dark, temperature 22°C to 24°C), and fed standard rat chow (Norco, Lismore, NSW, Australia) and water ad libitum. After 1 wk of acclimatization, the rats were anesthetized with an intraperitoneal injection of ketamine-xylazine mixture (75 and 5 mg/kg body wt, respectively; Therapon, Victoria, Australia) and given a single dose of carprofen (5 mg/kg, Lyppard Victoria, Victoria, Australia) subcutaneously prior to surgery to limit postoperative discomfort. Bile duct ligation (BDL) was performed as previously described (12) . Briefly, a midline abdominal incision was made, and the common bile duct was doubly ligated with 4-0 silk and transected between the two ligations. The abdominal wall was closed in two layers. After 4 wk of bile duct obstruction, rats were prepared for liver perfusion experiments as described below. We have previously shown that the livers of BDL rats 4 wk after surgery displayed extensive liver fibrosis accompanied by significantly elevated plasma ␥-glutamyl transpeptidase, alanine aminotransaminase, alkaline phosphatase, and bilirubin levels (12) .
Histological assessment of liver injury and fibrosis. We used hematoxylin and eosin (HE) and picrosirius red (Polysciences, Warrington, PA) to stain 4-m sections of liver mounted on silane-coated glass slides. HE-stained liver sections were assessed for Ishak fibrosis score to determine the extent of liver injury as described previously (13) . Briefly, a score of 0 -1 was assigned for no fibrosis to occasional fibrous tissue and a score of 5-6 for incomplete cirrhosis to definite cirrhosis. Collagen content of the liver was quantified by a computerized quantification of picrosirius red staining as described previously (16) . Picrosirius staining was assessed at ϫ100 magnification in a total of 10 fields per animal by using computerized image capture (MCID, Imaging Research, St. Catharines, Ontario, ON, Canada) and averaged to yield a single observation. Results are expressed as percentage stained in the given area.
In situ perfused rat liver preparation. In situ rat liver perfusion was performed as previously described (12) . Briefly, the rat was anesthetized with intraperitoneal administration of pentobarbital (60 mg/kg body wt, Boehringer Ingelheim, Artarmon, NSW, Australia). The abdominal and thoracic cavities were opened and the portal vein and supradiaphragmatic inferior vena cava (IVC) were cannulated following occlusion of the IVC above the right renal vein. During portal vein cannulation, the liver was flushed with heparinized (400 IU) saline. Following surgery, the rat was transferred to a thermostatically controlled cabinet and kept at 37.5 Ϯ 0.5°C. Livers were perfused through the portal vein with oxygenated (95% O 2-5% CO2) Krebs-Henseleit solution with 1% bovine serum albumin (BSA) and 0.1% dextrose in a nonrecirculating system, and this was continued for 15 min until pressures had stabilized. Portal flow was kept constant at 28 ml per min.
Experimental protocol. The experiments were performed in BDL rats 4 wk after surgery and in age-matched healthy rats that served as controls. At the completion of the 15-min stabilization period, each liver preparation was given two bolus injections, the first at time zero and the second after 15 min. The first group of rat livers received an Ang II bolus without an inhibitor and then a second Ang II bolus with the addition of the ACE inhibitor lisinopril (1 ϫ 10 Ϫ6 mol/l). In experiments with Ang I, the first group received an Ang I bolus without an inhibitor and then a second with the ACE inhibitor lisinopril. Each of the third, fourth, and fifth groups received Ang I at time zero and an Ang II bolus at 15 min in the presence of the ACE and NEP inhibitor omapatrilat (1 ϫ 10 Ϫ6 mol/l) or the ACE2 inhibitor MLN4760 (1 ϫ 10 Ϫ6 mol/l) or with omapatrilat ϩ MLN4760 (each at 1 ϫ 10 Ϫ6 mol/l), respectively. In the third, fourth, and fifth groups, treatment with the respective inhibitor started 5 min before the first bolus injection and continued throughout. The liver preparation was thoroughly flushed out with Krebs-Henseleit solution during the 15-min gap between the two bolus injections. Our previous data indicated that angiotensin peptide levels return to baseline within 1 min of the bolus injection (12) . The total experimental period with 15-min initial pressure stabilizing period was 40 min. Each group consisted of BDL rats (n ϭ 5) and healthy rats (n ϭ 5) except the fifth group, which contained BDL animals only. Data are presented for both Ang I-and Ang II-related pressure changes and peptide production as group 1 (no inhibition), group 2 (ACE inhibition), group 3 (ACEϩNEP inhibition), group 4 (ACE2 inhibition), and group 5 (ACEϩACE2ϩNEP inhibition). The doses of lisinopril, omapatrilat, and MLN4760 were based on the concentrations needed to achieve maximal inhibition of their target enzymes in previous studies (15, 24, 30) .
Pressure recording and sampling of effluent and tissue. Portal pressures were measured every 2 min during the 15-min stabilization period and every 30 s thereafter by using a vertically positioned graduated fluid-filled column open to atmospheric pressure. Four effluent samples were collected at 15-s intervals after the bolus dose of each of the angiotensin peptides, Ang I (99 pmol), and Ang II (60 pmol). The dose of Ang I was chosen on the basis that ϳ65% more Ang I was necessary to produce a comparable portal pressure change to that obtained with Ang II bolus injections (22) . The bolus was administered into the portal vein cannula in 0.2 ml over 10 s. One control sample of venous effluent was taken prior to each bolus injection in an identical fashion to the posttreatment samples. All effluent samples were collected onto tubes containing an endopeptidase inhibitor mix (20 l/ml effluent, 50 mmol/l Na2EDTA, 0.2 mol/l N-ethylmaleimide, and 1-2 trypsin inhibitor unit/ml aprotinin) for measurement of angiotensin peptide levels. The samples were mixed and stored at Ϫ20°C until assayed for Ang II and Ang-(1-7) by radioimmunoassay. Tissue samples were snap frozen in liquid nitrogen and stored at Ϫ80°C until used for RNA extraction for quantitative real-time polymerase chain reaction (QPCR), and membrane preparation for ACE2 activity assay. Viability of the preparation was determined by macroscopic and histological appearance of the liver, together with oxygen consumption and stability of portal pressure.
QPCR analyses. Immediately after the completion of experiments, wet liver weight was measured and a sample was snap-frozen in liquid nitrogen and stored at Ϫ80°C until extracted for RNA. Total RNA was extracted using TRI reagent (Sigma-Aldrich, Sydney, Australia) and reverse transcribed to cDNA by use of a protocol previously described (12) . All QPCR reactions were carried out by using multiplexing in which both the target gene and endogenous reference gene were amplified in a single well. The details of dual-fluorescent-labeled oligonucleotide probes and primers are given in Table 1 . The probes and primers were designed by using the Primer Express software program (PE Applied Biosystems, CA). Predeveloped TaqMan 18S ribosomal RNA kit was used as endogenous reference gene (PE Biosystems). Each sample was run and analyzed in duplicate. The normalized values from healthy liver tissues were used as the calibrator with a given value of 1, and the BDL groups were compared with this calibrator. Gene expression data, irrespective of the group, were analyzed for healthy livers and BDL livers.
Liver membrane preparation. Frozen rat liver tissue samples (ϳ0.2 g) were placed in a 5-ml vial with 1 ml of ice-cold Tris-buffered saline (TBS, 25 mmol/l Tris ⅐ HCl, 125 mmol/l NaCl pH 7.4) and 10 l of protease inhibitor cocktail containing aprotinin, bestatin, leupeptin, pepstatin, and 4-(2-aminoethyl)benzenesulfonyl fluoride. Samples were homogenized (Polytron, Kinematica) for 5 min and then centrifuged at 45,000 rpm for 1 h at 4°C with a Beckman Optima LE-80K ultracentrifuge. The resultant supernatant was discarded and the pellet resuspended in 1 ml TBS. The sample was again centrifuged by using the settings described above. After the second centrifugation step, the supernatant was discarded and the pellets were resuspended in 0.5 ml of TBS. The samples were snap frozen and stored at Ϫ80°C until required. The protein concentration of each sample was determined by BCA protein assay (Pierce) using BSA as standard.
Tissue ACE2 activity. Enzyme activity for ACE2 was measured by using specific quenched fluorogenic substrates (QFS, Auspep, Parkville, Australia) as described previously with minor modifications (5, 12) . Briefly, the QFS comprised a fluorophore, 7-methoxycoumarin-4-acetyl (MCA), and a quencher, N-2,4-dinitrophenyl separated by a short peptide chain (alanine, proline, and lysine). The proline-lysine bond is cleaved by ACE2, allowing the quencher to separate from the fluorophore, resulting in increased fluorescence emission of MCA. The assay was performed with 50 M QFS in a final volume of 200 l of ACE2 assay buffer (100 mM Tris ⅐ HCl, 1 M NaCl, pH 6.5).
The fluorescence of the samples was measured at 37°C by using a FLUOstar Optima plate reader (BMG LABTECH, Offenburg, Germany) with excitation and emission wavelengths of 320 and 405 nm, respectively. The test samples were analyzed in the absence and presence of 100 M EDTA, a known inhibitor of ACE2; the difference in fluorescence represented the enzyme activity within the test sample. Samples were tested in triplicate. Results were expressed as nanomoles of substrate cleaved per milligram of tissue per hour.
Radioimmunoassay for angiotensin peptides. Effluent concentrations of Ang II and Ang-(1-7) were measured by radioimmunoassay as previously described (12) (ProSearch International Australia P/l, Melbourne, Australia). Briefly, antibodies to Ang II and Ang-(1-7) were raised in rabbit and guinea pig, respectively, by immunizing animals against the natural peptide sequences, NH 2-terminally conjugated to either porcine thyroglobulin [Ang-(1-7)] or BSA (Ang II). The intra-and interassay coefficients of variation were 7.6 and 8.3% and 4.5 and 10% for Ang II and Ang-(1-7), respectively.
Statistics. Statistical significance between the means of treatment groups in the perfusion studies was determined by ANOVA designed to account for repeated measures. The baseline-corrected mean values and baseline-corrected total area under the curves (AUC) were determined for angiotensin peptides and portal pressure. ANOVA was used for comparison of means of ACE2 activity data. Student's t-test was used to compare the means of gene expression data, Ishak score, and picrosirius red staining data. Data are presented as means Ϯ SE. A P value of less than 0.05 was considered statistically significant. All statistical analyses were carried out by use of the SAS computer package (SAS Statistics, version 9.1.3, Cary, NC).
RESULTS
Liver injury and fibrosis. BDL resulted in significant histological changes including expansion of portal tracts with extensive bile duct proliferation. There were also numerous regions of biliary infarction and extensive fibrosis with bridging and nodule formation. Ishak scoring yielded 5.2 Ϯ 0.2 in BDL livers compared with healthy livers, which had a score of 0.6 Ϯ 0.2 (P Ͻ 0.0005). Percentage area stained for picrosirius red was significantly higher (P Ͻ 0.005) in the BDL (24 Ϯ 3%) than healthy (1.03 Ϯ 0.4%) livers.
Hepatic production of angiotensin-(1-7) from angiotensin II. Hepatic Ang-(1-7) production from Ang II in the various groups is shown in Fig. 2, A and B . As previously reported, Ang-(1-7) production from an Ang II bolus was increased in effluent from BDL livers treated with the ACE inhibitor lisinopril compared with healthy livers (12) . However, in healthy livers, ACE inhibition with lisinopril had no effect on Ang-(1-7) production from Ang II. Combined ACE and NEP inhibition with omapatrilat caused a significant reduction in Ang-(1-7) output in both BDL (P Ͻ 0.005) and healthy (P Ͻ 0.05) livers compared with ACE inhibition alone.
Pretreatment with the ACE2 inhibitor MLN4760 reduced Ang-(1-7) peak levels by 57% (P Ͻ 0.05) and 59% (P ϭ 0.09) compared with those without inhibition in BDL and healthy livers, respectively. ACE2 inhibition also resulted in an approximately fourfold reduction in the Ang-(1-7) AUC in BDL as well as in healthy livers compared with no inhibition (P Ͻ 0.05 for both). Ang-(1-7) production was lower in MLN4760-treated than in omapatrilat-treated BDL livers (P ϭ 0.10). In BDL livers, when combined with MLN4760, omapatrilat restored Ang-(1-7) peak levels to those with omapatrilat alone.
Hepatic production of angiotensin-(1-7) from angiotensin I. Hepatic Ang-(1-7) production from Ang I in the various groups is shown in Fig. 2, C and D. Ang-(1-7) was produced from Ang I in both healthy and BDL livers. In the absence of inhibition, peak Ang-(1-7) levels were increased (P Ͻ 0.05) in effluent from BDL livers compared with healthy livers. Importantly, the bolus injections of Ang I produced only 10 and 21% of the Ang-(1-7) AUC in normal and BDL livers, respectively, compared with those with Ang II bolus injections. The difference between normal and BDL livers in Ang-(1-7) production from Ang I disappeared when the livers were pretreated with lisinopril or omapatrilat. Moreover, in both control and BDL livers far less Ang-(1-7) was produced from Ang I than Ang II (11 and 16% of Ang II production, respectively; P Ͻ 0.005) (Figs. 2, C and D and 3, A and B) . Unexpectedly, pretreatment with the ACE2 inhibitor MLN4760 caused a dramatic increase in Ang-(1-7) (P Ͻ Fig. 2 . Angiotensin-(1-7) production in rat liver. Ang I (99 pmol) or Ang II (60 pmol) bolus was injected into the portal vein of in situ perfused healthy (E and open bars) and fibrotic (F and solid bars) rat liver preparations with or without the ACE inhibitor lisinopril (10 Ϫ6 mol/l), ACE and NEP inhibitor omapatrilat (10 Ϫ6 mol/l), ACE2 inhibitor MLN4760 (10 Ϫ6 mol/l), or a combination of MLN4760 and omapatrilat. Angiotensin-(1-7) production from Ang II (A) and the baseline-corrected total area under the respective curves (B), and angiotensin-(1-7) production from Ang I (C) and the baseline-corrected total area under the respective curves (D), and Ang II-induced portal pressure responses (E) and the area under pressure response curve (F) are shown. Each symbol represents the mean Ϯ SE profile from 4 -5 rats per treatment group. Note that y-axis scale is different between A and C and between B and D. Arrow indicates the time of bolus injection. ****P Ͻ 0.0005, **P Ͻ 0.01, *P Ͻ 0.05, vs. respective healthy livers. † † † †P Ͻ 0.0005, between the 2 groups indicated by brackets. In E and F, *P Ͻ 0.05 vs. other groups except bile duct ligation (BDL)/ACE inhibition group (P ϭ 0.059). 0.0005) production by BDL livers, resulting in a significant (P Ͻ 0.005) increase in baseline-corrected total AUC for BDL group compared with control group. Pretreatment of BDL livers with both MLN4760 and omapatrilat reduced (P Ͻ 0.005) the peak levels of Ang-(1-7) to ϳ20% of those achieved with MLN4760 alone.
Hepatic production of angiotensin II from angiotensin I. Hepatic Ang II production from Ang I is shown in Fig. 3, A and B. Ang II was produced from Ang I in both healthy and BDL livers. However, in the absence of enzyme inhibition, peak Ang II levels were more than twofold higher in effluent from BDL livers than healthy livers (P Ͻ 0.0005), although the total area under the curve was not different (P ϭ 0.11), possibly due to rapid degradation of Ang II by ACE2. As expected, ACE inhibition with lisinopril significantly attenuated Ang II production from Ang I in both groups (P Ͻ 0.01). However, peak production of Ang II was still significantly higher in effluent from BDL than healthy livers (P Ͻ 0.01). Inhibition of both ACE and NEP with omapatrilat reduced Ang II production to low levels in both healthy and BDL livers and abolished the difference in the AUC between the two groups.
ACE2 inhibition with MLN4760 did not affect Ang II production in either group. However, the combination of omapatrilat with MLN4760 reduced Ang II production by BDL livers to the minimum levels achieved with omapatrilat alone.
Angiotensin II-induced portal pressure changes. The portal pressure responses to Ang II in the various groups are shown in Fig. 2 , E and F. In both healthy and BDL livers, Ang II at a dose of 60 pmol bolus induced portal pressure changes that were comparable to those of Ang I at the bolus dose of 99 pmol (Fig. 3, C and D) . Peak portal pressure increases in BDL liver in response to Ang II were more than twice those seen in healthy liver, although the difference in baseline-corrected total AUC did not reach significance.
The portal pressure response was not affected by pretreatment with lisinopril or omapatrilat. However, pretreatment of both healthy and BDL livers with the ACE2 inhibitor MLN4760 significantly (P Ͻ 0.05) increased the AUC com- pared with all other groups, presumably as a result of inhibition of ACE2-mediated catabolism of Ang II to Ang-(1-7). When MLN4760 was combined with omapatrilat, BDL livers responded to Ang II bolus with a significantly (P Ͻ 0.05) reduced area under the response curve than that of BDL livers treated with MLN4760 alone.
Angiotensin I-induced portal pressure changes. Ang I bolusinduced portal pressure responses in the various groups are shown in Fig. 3 , C and D. Bolus Ang I injection increased portal pressure in both healthy and BDL livers. However, compared with a small pressure rise in healthy livers, Ang I caused more than 10-fold increase (P Ͻ 0.0005) in portal pressure in the BDL livers, in keeping with the greater production of Ang II (Fig. 3, A and B) . The pressure started to decline 1 min after the bolus injection. The increased response by the BDL liver resulted in significantly (P Ͻ 0.0005) higher baseline-corrected total AUC in the BDL than in the healthy livers.
In BDL livers, inhibition of ACE with lisinopril caused a large drop (Ͼ80%, P Ͻ 0.0005) in the peak portal pressure following Ang I bolus injection compared with nontreated BDL livers, resulting in a significant reduction (P Ͻ 0.05) in the AUC. The addition of omapatrilat, a potent inhibitor of both ACE and NEP, completely abolished the Ang I-induced portal pressure response in both healthy and BDL livers. This resulted in an even greater reduction (Ͼ95%) in the portal pressure response, and led to a significantly reduced baselinecorrected total area under the pressure response curve compared with BDL livers treated with lisinopril (P Ͻ 0.05) or without ACE inhibition (P Ͻ 0.0005). The ACE2 inhibitor MLN4760 did not affect the portal pressure response evoked by Ang I bolus in either BDL or healthy livers. As with omapatrilat alone, inhibition with a combination of omapatrilat and MLN4760 completely abolished (P Ͻ 0.0005) the Ang I-induced pressure change. Thus the reductions in Ang II production after lisinopril and omapatrilat treatments seen in Fig. 3, A and B corresponded closely with the effects of these drugs on the portal pressure response to Ang I.
Gene expression of the renin angiotensin system. We investigated gene expression of key RAS enzymes and receptors that regulate angiotensin peptide metabolism and action, respectively, in healthy and fibrotic rat livers. Expression of all genes studied was detectable in healthy livers but at low levels. The genes that represented the classic arm of the RAS such as ACE and AT1R were significantly (P Ͻ 0.0005) upregulated in BDL compared with healthy livers (Fig. 4) . Similarly, the genes that represented the alternative arm of the RAS such as ACE2 and the Ang-(1-7) receptor Mas were also significantly (P Ͻ 0.0005) upregulated in BDL compared with healthy livers. In addition, BDL livers had very high (P Ͻ 0.0005) levels of NEP expression compared with healthy livers (Fig. 4) .
Tissue ACE2 activity. Each sample of liver tissue collected at the end of each experiment had been treated with at least one of the three enzyme inhibitors. Therefore the present study did not have a group of livers perfused without an inhibitor. Additionally since ACE2 activity was not different between each group of the healthy livers treated with inhibitors, they were pooled together to represent a control healthy group. The ACE2 activity in the various groups is shown in Fig. 5 . Hepatic ACE2 activity was significantly (P Ͻ 0.0005) higher in the lisinopril-treated BDL livers than in the healthy livers. It is unlikely that this increase in ACE2 activity is related to the presence of lisinopril since ACE inhibitors including lisinopril have no effect on proteolytic activity of ACE2 (1, 31) . Furthermore, this increase in ACE2 activity is consistent with the gene expression data (Fig. 5 ) and previous studies that have shown that ACE2 activity and expression are increased in the BDL liver (12) . The ACE2 inhibitor MLN4760 significantly reduced (P Ͻ 0.0005) ACE2 activity in the BDL liver. Moreover, omapatrilat alone or in combination with MLN4760 also caused a significant (P Ͻ 0.05) reduction in ACE2 activity in BDL livers compared with those treated with lisinopril.
DISCUSSION
In the present study, we examined the production of Ang-(1-7) and hepatic vascular resistance in response to Ang I and Ang II by inhibiting three key enzymes of the RAS in in situ perfused healthy and fibrotic rat livers. Our main focus was on Ang-(1-7) production in BDL livers since it has only recently been shown that the concentrations of this peptide are elevated in experimental biliary fibrosis and that ACE2 is upregulated in human liver disease (12, 23) . We show for the first time that, in the fibrotic rat liver, Ang II is rapidly converted to Ang- (1-7) and is the preferred substrate for Ang-(1-7) production compared with Ang I. Moreover, our study provided evidence that the Ang-(1-7) could be generated in large amounts, directly from Ang I by the action of NEP, but it appears that this effect of NEP is masked or blocked by ACE2.
In this study, to produce comparable effects on portal resistance, Ang II was administered into the portal vein in doses that were 60% (in molar mass) of those used for Ang I. Despite this, Ang II bolus injections resulted in approximately five times more Ang-(1-7) production than Ang I in both the normal and BDL liver. The present findings and previous reports (12) showed marked upregulation of ACE in BDL livers. ACE inhibition resulted in an approximately twofold increase in Ang-(1-7) production from Ang II in BDL livers, presumably by blocking ACE-mediated conversion of Ang-(1-7) to Ang- (1-5) (Fig. 2) . However, lisinopril had no significant impact on Ang-(1-7) levels in the normal liver, which has much lower levels of ACE expression and activity (12) . Furthermore, in both control and BDL livers, ϳ10 times more Ang II than Ang-(1-7) was produced from Ang I. These findings suggest that conversion of Ang II to Ang-(1-7) is likely to be the major source of hepatic Ang-(1-7) production in both the normal and fibrotic liver with less direct contribution from Ang I, which is largely converted to Ang II.
ACE2 blockade with MLN4760 greatly reduced Ang-(1-7) production from Ang II with total Ang-(1-7) production falling by more than threefold in both healthy and BDL livers. Only a few studies have attempted in vivo and in vitro inhibition of ACE2 using MLN4760 (9, 11, 30) . Our findings confirm that ACE2 plays a key role in converting Ang II into Ang-(1-7) in rat liver (Fig. 2) . Furthermore upregulation of ACE2 in the BDL livers resulted in greater generation of Ang-(1-7) than in the normal liver but this effect is counterbalanced by increased ACE-mediated Ang-(1-7) hydrolysis. This agrees with findings of a recent enzyme kinetic study showing that the catalytic efficiency of ACE2 for Ang II hydrolysis into Ang-(1-7) was the highest observed for any of the angiotensin peptides with ACE, ACE2, and NEP (25) . On the other hand, omapatrilat greatly reduced Ang-(1-7) generation from Ang II in the BDL and healthy livers compared with ACE inhibition alone. We have previously shown that omapatrilat is a potent inhibitor of ACE in rat liver and thus the findings are not likely to reflect a failure to block ACE (18) . This suggests that omapatrilat may have a direct inhibitory effect on ACE2 activity in rat liver and this was supported by measurements of reduced ACE2 activity in liver tissue in vitro in the presence of omapatrilat (Fig. 5) .
Little is known about NEP expression and activity in liver disease, and in particular, its role in Ang-(1-7) production by the liver has not been studied. The present study found that the NEP gene is markedly upregulated in the BDL liver and provides evidence that this enzyme plays a role in production of Ang-(1-7) in diseased liver. This was suggested by the surprising finding that ACE2 inhibition greatly increased the conversion of Ang I to Ang-(1-7) in the BDL liver despite the fact that ACE2 inhibition would be expected to block Ang-(1-7) formation (Fig.  2, C and D) . Moreover, we found that the ACE2 blockadeassociated rise in Ang-(1-7) production from Ang I in BDL livers was completely abolished by the NEP inhibitor omapatrilat. This suggests that NEP activity is masked or blocked by ACE2. The existence of this type of protein-protein interaction on the cell membrane has been reported for other peptidases and membrane receptors (8) . It should also be noted that the catalytic efficiency of NEP in converting Ang I into Ang-(1-7) is only three to four times less than that of ACE2 catalyzing Ang II into Ang-(1-7) (25) .
The interaction between ACE2 and NEP is interesting and may have some physiological implications in the regulation of RAS peptide production, particularly in the diseased liver. Of the enzymes involved in Ang-(1-7) production, ACE2 and NEP possess the highest affinity toward Ang II and Ang I, respectively (25) . The hepatic RAS may have adapted to restrict NEP activity when this enzyme is upregulated, thus preventing the generation of excessive Ang-(1-7) directly from Ang I so that generation of both Ang II and Ang-(1-7) remain in balance with their levels of production primarily controlled by the relative activity of ACE and ACE2 (20) .
This study also provided insights into the generation of Ang II from Ang I and how this affects intrahepatic resistance. There has been conflicting evidence regarding the importance of Ang II as a mediator of sinusoidal resistance in portal hypertension (2, 26) . Early rat liver perfusion studies suggested that Ang II responses in cirrhotic rat liver were smaller with decreased sensitivity than those observed in healthy rat liver (2, 26) . However, this was not supported by our present findings. The peak portal pressure and AUC of the portal pressure response curve with Ang II were increased by more than twofold in the BDL liver compared with healthy liver. This may reflect increased activation of myofibroblastic cell populations and/or increased Ang II type I receptor expression in the BDL liver (3, 39) . The only inhibitor of angiotensin metabolism that affected the portal pressure response to an Ang II bolus was the ACE2 inhibitor MLN4760, which caused a more than twofold increase in the AUC in both normal and BDL livers (Fig. 2F) . This was presumably caused by reduced ACE2-mediated Ang II breakdown and Ang-(1-7) formation.
As expected, portal pressure responses to Ang I were closely related to the net production of Ang II (Fig. 3) . As with Ang II, the portal pressure response to Ang I administration was greater in BDL livers probably reflecting both increased production of Ang II as a result of increased ACE expression and a greater vasoconstriction response of the BDL liver to this peptide. ACE inhibition reduced Ang II production from Ang I, and this resulted in a reduction in the portal pressure response that was further reduced by omapatrilat, a potent ACE inhibitor (17) . mol/l), ACE2 inhibitor MLN4760 (10 Ϫ6 mol/l), or a combination of MLN4760 and omapatrilat were used for cell membrane preparations for measurement of ACE2 activity. ACE2 activity was determined by measuring nanomoles of ACE2 substrate [Mca-APK-(Dnp)-OH] cleaved by solubilized membrane fractions. Each bar represents the mean Ϯ SE activity from 4 -5 rats per treatment group. ACE2 activity was not different between different groups of healthy livers so that the mean value from all groups is shown. ****P Ͻ 0.0005, ***P Ͻ 0.005, **P Ͻ 0.01, *P Ͻ 0.05 vs. group indicated by brackets.
In conclusion, the present study demonstrates that key enzymes involved in Ang-(1-7) and Ang II generation are present in the liver and markedly upregulated by chronic cholestatic liver injury. Ang II is the major substrate for hepatic production of Ang-(1-7) and ACE2 is the major enzyme that catalyzes the conversion of Ang II to Ang-(1-7). We suggest that ACE2 and ACE function in an opposing manner to counterbalance the net effects of the RAS activation in the diseased liver. NEP has the ability to generate large amounts of Ang-(1-7) in the BDL liver from Ang I only when ACE2 activity is greatly decreased or inhibited, but this probably rarely occurs since Ang II is the preferred substrate for Ang-(1-7) formation and not Ang I.
